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Abstract

This paper presents experimental data that demonstrates the feasibility of fabricating a miniature

nuclear particle dosimeter for monitoring doses in aircraft and satellites. The basic instrument is a Low

Linear-Energy-Transfer (LET) Radiation Spectrometer (LoLRS) that is designed to measure the energy

deposited by particles with low LET values. The heart of the instrument is a Silicon-Lithium Drifted

Diode (SLDD). Test results show that the LoLRS can be used to monitor the radiation threat to personnel

in flights of space- and aircraft and also to generate a comprehensive data base from aviation and satellite
measurements that can contribute to the formulation of more accurate environmental radiation models for

dose predictions with reduced uncertainty factors.

1.0 Introduction and background

Particles with low LET values expose the crews of commercial aircrafts or space vehicles, such as

the Shuttle or Space Station, to total doses that pose a threat to their health. Crews working on present-day

aircraft are estimated to receive one of the highest average equivalent-doses of any group of workers in the

United States. Crews of future commercial aircraft, flying at greater elevations, will be exposed to even

higher doses. Present calculations of such exposures are uncertain because knowledge of important

components of the radiation field comes from theoretical predictions. Currently the highest exposures are

experienced by crews flying over the polar regions and on the supersonic CONCORDE planes. Crews on

flights that occur during a solar event can be exposed to larger than normal doses, particularly when the

flights are at high altitudes.

The instrument evolved from an international cooperative project by a group of Bulgarian, and

American scientists [ 1,2,3]. The spectrometer is a compact, low power, lightweight instrument with a

SLDD detector and supporting electronics that enable it to operate as a pulse height analyzer of energy

deposited in the device by energetic particles. Tissue dose or dose rate can be deduced from the

measurements on the basis of calibration results.

2.0 Description of LoLRS

The basic detector of radiation in the LoLRS is a lithium-drifted silicon diode, 1 mm thick and fully

depleted, with a sensitive area of 1 cm 2 and a weight of 0.232g. Figure 1 contains a block diagram that

shows the supporting electronics. The nuclear-reaction particles that are incident on the diode produce

pulses of charge that are passed to the charge sensitive amplifier and then to the discriminator and peak

hold detector. Finally, they are converted from analog to digital signals by the 8-bit Analog-to-Digital

Converter (ADC) and sorted into 256 channels according to their voltage amplitudes. Two microprocessor

units manage the data flow to and out of the flash memory devices. The specifications and dynamic ranges
of the instrument are listed in Table 1. The energy deposited (or loss) in the silicon diode by the incident

particles ranges from 0.16 to 13.8 MeV. The instrument's measurement-time-per-spectrum can be varied

from 30 seconds to 30 minutes.
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The LoLRS operatesin two modes,namelythe "Data Collecting Mode" and the "Data Transfer
Mode". In the"Data CollectingMode", the instrumentis connectedvia ajack to a polarizedrelay. In this
modethedeviceis operatingunderthecontrolof theprogramin themicroprocessorsto collectdose,flux,
and spectrauntil thememoryis filled. At thattime, the instrumentis automaticallyturnedoff throughthe
relay.The total time the monitor canspendin the "Data Collecting Mode" dependson the numberof
batteriesattachedto theinstrument.Usually it is about480to 720hours.In the"Data TransferMode" the
deviceallows thetransferof thedataaccumulatedin theflashmemoryto apersonalcomputer(PC)under
aparallelportcommunicationlink. Duringthismodethedataarecorrelatedto therealtime of theflight.

Themajor parameterof the instrumentis theamplitudeof thechargepulsesgeneratedin thesolid
state detector (SSD) by the incident particles. Thosepulsesare then passedto the charge-sensitive
amplifier thatconvertsthemto correspondingvoltagepulses.These signals are subsequently amplified by
a factor of 5 in the main amplifier stage. The sensitivity or conversion factor of this pre-amplifier is 240

mV/MeV. The threshold setting of the discriminator is 51.6 mV which establishes the lower data limit and

consequently, the number of channels assigned to instrument background signals. Since there are 256

channels in the Analog-to-Digital converter and the upper voltage limit is 3.3 V, the sensitivity per channel

is 3.3/256 = 12.89 mV/Ch and thus the first four channels are assigned to storing the background pulses.

The remaining channels are assigned to storing pulses caused by the neutron-induced secondary particles.

The deposited energy (Dep E) is given by equation :

Dep E(MeV) = Ei (countsi * channeli) * M

i = 4 - 256

where the conversion factor M is given by:

(i)

( -_h )/( mV1=0"05371MeVM = 12.89 240_-e-_-eV Ch

and the corresponding dose rate, DR by:

(2)

DR (gGysi/h) = K * Dep E (MeV) / t¢ (3)

where tc is the collection time (in seconds), h is normalized time in hours, and the conversion factor K is:

K = 2.486, in units of laGysi*s/h -MeV.

3.0 Characterization tests of LoLRS

The instrument was subjected to thermal tests by the thermal testing group at the Goddard Space

Flight Center. The thermal profile was as follows: 0 ° to -40°C at a rate of+2 ° C per 5-minute intervals for
a duration at extreme level of 2 hours. Throughout this test, the LoLRS performed flawlessly.

The spectrometer can detect and measure tissue doses produced by cosmic ray progeny such as

neutrons, protons, and other types of interaction particles. In aircraft, the major contributors to the total

dose are protons and neutrons. The dose produced by neutrons is not directly due to the incident neutrons

but is due to the products from neutron interactions in the silicon diode (SLDD) and the surrounding

materials. Tests to characterize the instrument's sensitivity to some of those particle environments were

conducted at the Indiana University, Bloomington cyclotron facility. The LoLRS instrument was exposed

to protons ranging in energy from 33.16 to 195 MeV. Figure 2 shows a plot of the average dose per proton



versustheprotonenergy.Thedosesarethesumof all thecontributionsfrom the252datacollecting
channels,thatis, the integraldosenormalizedby theprotonfluence.

4.0 Test Results

All test data presented here were collected on commercial flights during every five minutes of the

flight but the conditions of the measurements were not systematically controlled, particularly in terms of

location and altitude. Several test flights were conducted in different aircraft and over diverse, short and

long routes to evaluate the performance of the instrument in a variety of carriers and conditions. Figure 3 is

a plot of dose rate versus time after the instrument was turned on for a flight from Los Angeles to

Auckland, New Zealand. Figures 4 and 5 represent plots of measurements for flights from Washington,

DC to Denver, CO and then Denver back to Washington the same day, respectively. Figure 6 shows the

results for a flight from Paris, France to Washington, DC and Figure 6 shows the test data for flights from

Budapest, Hungary to Frankfurt, Germany to Washington, DC.

In most of the commercial flights, altitude information was made available by the airlines after the

flights; however, for the trip from Sofia, Bulgaria, to New York, NY altitude data were provided to
members of the LoLRS team on-board the plane by the pilot on three occasions, while on a recent flight

from Washington, DC, to Frankfurt, Germany, to Budapest, Hungary, flight information (latitude,

longitude, altitude, speed, temperature) was continuously presented on TV monitors in the cabin. It should

be noted, however, that for some flights altitude data could not be obtained. Table 2 lists the total and

average doses measured for test flights between the indicated cities.

5.0 Discussion

It is well established that cosmic rays of galactic and solar origin interact with the constituents of

the Earth's atmosphere, creating cascades of secondary energetic particles, of which neutrons and protons

are the most numerous and damaging components. A great deal of study, both theoretical [4] and

experimental [5] has been devoted to defining the radiation field that is established at aviation altitudes by

these secondary particles.

For all flights reported in Figures 3 to 7, the peak dose rates are a function of two variables: altitude

and magnetic latitude. Thus, in Figure 3 for the trip from Los Angeles to Auckland, the dose rate remained

around 0.07 p,Gy/5-min for the major part of the flight over the Pacific Ocean, and only climbed to a peak

of about 0.12 p,Gy/5-min near the end of the trip (last 2.5 hours). The peak rate during the flight covered

in Figure 4, Washington to Denver, was about 0.14 pGy/5-min. However, the peak rate achieved a

surprisingly high level of 0.28 pGy/5-min for the Denver to Washington flight, as shown in Figure 5.

Figures 6 and 7 show data for test flights from Paris, France, and one from Frankfurt, Germany, to

Washington, DC respectively. The flight from Paris to Washington indicates a constant rise in rate with a

peak of about 0.23 _tGy/5-min at the end of the trip. A similar constant increase in rate can be seen in the

plot of dose rate in Figure 7 for the Frankfurt to Washington flight and about the same peak rate of 0.23

i.tGy/5-min. The steady increases are due to the increase in altitude as the flights progressed towards

Washington.

All flights indicate background levels on the ground before take-off and after landing that range

from 0.017 to 0.033 _tGy/5-min. However, upon close examination it is apparent that the data from low

altitude locations like Washington, Houston, and Los Angeles, with elevations less that 1O0 feet above sea

level, have almost the same values as data from elevated locations as, for example, Snowmass, CO at over



9000feetaltitude;that is, anaverageof about0.0208_tGy/5-minand0.0225laGy/5-min,respectively.We
shouldhaveobserveda much largerdifferenceat thesetwo altitudes.The normal global averagerateof
radiationbackgroundlevels,excludinghigh concentrationsof naturallyoccurringradionucleidessuchas
radium,thorium,uranium,etc.,hasbeenreportedto beabout0.008to 0.017_tGy/5-minat about l meter
abovegroundand includingcosmicray contributionscomingfrom above[6]. It hasbeenestablishedthat
the detectororientationhasno discernibleeffecton the measurements,in flight or on the ground.On the
basisof thesetest results,we concludethat the LoLRS instrumenthasa relatively elevatedbackground
level This affectstheresolutionin the lowestchannelsandlimits theuseof the instrumentto elevations
above9000ft.

An exampleof anapplicationof the LoLRSis shownin Table2, wherethetotal accumulateddose
for eachflight, the flight duration in minutes,and the averagedose-rateper minute arepresented.The
highestexposureoccurredon the Denver,CO to Washington,DC trip (3.84 x l02 _tGy/min)and the
lowest on the Auckland,N.Z. to Christchurch,N.Z. segment(l.10xl02l.tGy/min), a factor of about3.5
different. Other high doses were experiencedon the Washington-Paris/Paris-Washingtonand the
Washington-Frankfurt/Frankfurt-Washingtonflights. This is probably due to the fact that all of these
flights traveledsomeof their timeat highmagneticlatitudes.

6.0 Conclusions

Testflights haveshowntheLoLRS instrumentto beaneffectiveandreliableradiationmonitorfor
aviationor spaceapplications.It is characterizedby smallsize,low power,lightweight,andlow cost. The

instrument is currently being deployed on demonstration-test flights for global surveys of radiation

environment levels within aircraft and on high-altitude balloon missions over the south pole (U.S.

Antarctic Program) and will next be used in scientific research missions.
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Figure Captions

1. Block diagram of LoLRS electronic setup.

2. Characterization of LoLRS' sensitivity to protons. Plot shows the tissue dose per proton measured by

the LoLRS instrument versus proton energy..

3 LoLRS test flight data, dose rate versus minutes after turn-on of instrument, Los Angeles, CA to

Auckland, NZ (12/8/97).

4. LoLRS test flight data dose rate versus minutes after turn-on of instrument, Washington, DC to Denver,

CO.

5. LoLRS test flight data, dose rate versus minutes after turn-on of instrument, Denver, CO to Washington,

DC

6. LoLRS test flight data, dose rate versus minutes after turn-on of instrument, Paris, France to

Washington, DC. (9/22/97)

7. LoLRS test flight data, dose rate versus minutes after turn-on of instrument, Budapest, Hungary to

Frankfurt, Germany to Washington, DC. (3/30/98).

Table Captions

1. LoLRS specifications and dynamic ranges.

2. Sample data of total doses, average dose rates, and flight durations.



TABLE I

Specifications
Mass: (including batteries) 960 g
Size: 140 x 80 x 30 mm 3

Temperature: -20°C to +45°C
Measurement Time: 30s to 30 min

Flux: 1 - 5000 part/cm2-s

Energy Deposited: 0.16 - 13.8 MeV

LET: 0.16-13.8 kev/la (silicon)

(6.88-593) x 10-4MeV-cm 2 / mg



TABLE II

Departure
Airport

Wo_hinffton, DC
Los Angeles, CA

Auckland, NZealand
Washington, DC

Denver, CO
Houston, TX
Denver, CO

Washington, DC
Paris, France

Sofia, Bulgaria
Washington , DC

Frankfurt, Germany
Budapest, Hungary
Frankfurt. Germany

Arrival

Airport

Los Angeles, CA
Auekland_NZealand

Christchurch, NZealand

Denver, CO
Houston, TX
Denver, CO

Washington, DC

Paris_ France
Washington,DC
New York, NY

Frankfur b Germany
Budapest, Hungary
Fr_mkfua, Germany

Washington, DC

Figure Total Flight Flight Average Dose
Dose (ttGy) Duration (_tGy/min x 102)

(minutes)
7.073 260 2.72

10.483 685 1.53
0.604 55 1.10
3.967 185 2.14
1.773 90 1.97

2.512 95

5.187 135
12.018 380
14.835 435
16.387 555
12.739 390
1.236 60
1.219 60

14.721 460

2.64
3.84
3.16
3.41
2.95
3.27
2.06
2.03

3.20



FIGURE I
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.FIGURE II
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.FIGURE III

Dose Rate (l_GraYsi i 5Min)
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FIGURE ZV
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.FIGURE VI

Dose Rate (l_GraYsi/5Min)
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.FIGURE VII

Dose Rate (uGraYsi/5Min)
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